ABSTRACT In this study we introduce a new concept of systolic myocardial stiffness that extends the Suga-Sagawa maximum ventricular elastance concept to the myocardium. End-systole is defined as the time of maximum systolic myocardial stiffness (max Eav), which we examined for its load independence and sensitivity to changes in the inotropic state and to heart rate. Seven adult mongrel dogs were instrumented with ultrasonic crystals for measurements of long and short axes and left ventricular wall thickness, and a high-fidelity micromanometer was inserted for measurement of left ventricular pressures. Preload and afterload were altered by inferior vena cava occlusion, nitroprusside, angiotensin II, atropine, propranolol, and various combinations with propranolol. End-systolic stressstrain relations (slope: max Eav) were linear in all seven dogs, implying that end-systolic myocardial stiffness is independent of end-systolic stress. Changes in max Eav (for constant preload and afterload) reflected changes in the ejection fraction; max Eav was also insensitive to propranolol and to changes in heart rate over the range from 120 to 180 beats/min. End-systolic pressure-volume relations (ESPVRs), derived analytically from these stress-strain relations, were nonlinear, and estimates of volume at zero stress (Vom) [343][344][345][346][347][348][349][350][351][352][353][354][355][356] 1987. THE END-SYSTOLIC ventricular pressure-volume concept developed by Suga and Sagawal continues to be a subject of great interest and controversy. Many of these controversies have been addressed in several review articles2-5 and in recent American Heart Association abstracts (1984, 1985, 1986 
THE END-SYSTOLIC ventricular pressure-volume concept developed by Suga and Sagawal continues to be a subject of great interest and controversy. Many of these controversies have been addressed in several review articles2-5 and in recent American Heart Association abstracts (1984, 1985, 1986 ). Sagawa3 has focused in particular on the inappropriate definitions of end-systole, the problems associated with drugs to vary preload and afterload, reliable estimates of zero stress volume (V.), and normalization of Em. (the slope of the end-systolic pressure-volume relation [ESPVR] ).
In this study we introduce the concept of a systolic myocardial stiffness, extending the concept of Suga and Sagawal to the myocardium. In particular, the new concept addresses the important question of (1) the linearity of the ESPVR and more reliable methods for estimating V, (2) the size dependence and normalization of Ema and (3) the development of a new variable that permits the assessment of myocardial contractility via the ejection fraction-afterload relationship at a given preload.
Methods
Terminology. It is necessary first to define specifically the terms used in this study.
Stress difference (a) . The total stress difference 6 = Co-ar = the difference of the circumferential (cao) and radial stress (Car) components, which are averaged over the entire crosssection. Global average stresses based on force equilibrium considerations are used, since the various stress formulas currently used by many investigators, have yet to be validated experimentally. Strain difference (c). The associated strain difference c = so -r = the difference of the midwall circumferential (co) and radial (er) strain components at the equator of an ellipsoid, the assumed geometry for the left ventricle. The assumption implicit here is that the midwall fiber, which is oriented circumferentially, is Note that for incompressible materials such as cardiac muscle, it is the stress difference that is directly proportional to myocardial stiffness and the strain difference (Appendix 1).
Other formulations for the stress/strain ratio (a measure of myocardial stiffness) may be used, but these do not alter the results to be discussed later.
End-systole. This is the time at which systolic myocardial stiffness attains its maximum value.
Maximum ventricular elastance (Ees). Bes = max[P/(V -V.Pfl, where Vop is the left ventricular volume at zero pressure (P = 0).
Animal preparation. Seven adult mongrel dogs were prepared for this study. Each dog was anesthetized with intravenous sodium pentobarbital (25 mg/kg) and underwent left thoracotomy at the fifth intercostal space with sterile technique.
Instrumentations were performed after pericardiotomy as reported elsewhere7-9 and shown in figure 1. Briefly, a high-fidelity micromanometer (Konigsberg P-7) and a Tygon catheter (1.27 mm id) were inserted into the left ventricular cavity through a stab incision at the apex. A pair of pacing wires was sewn to the right atrial appendage. Three pairs of ultrasonic crystals were used for measurement of left ventricular long and short axes and wall thickness ( figure 1 II, phenylephrine, IVC occlusion, atropine). In three of the seven dogs, the hearts were paced over the range from 120 to 180 beats/min. All interventions were started after full recovery from the previous interventions, which were checked with left ventricular pressure and dimension data.
The positions of the crystals, left ventricular weight, and myocardial degeneration were examined at necropsy after the studies. Data analysis. All signals (figure 2) were recorded on an eight-channel Brush chart recorder with the calibration signals and also on a Hewlett-Packard magnetic tape recorder (Model HP 3955D).
The calibration signals and zero point of pressure, which was set at the level of the right atrium, were checked and recorded frequently during the study. The left ventricular pressure signal of the micromanometer was calibrated at end-diastole and endsystole with that of the fluid-filled manometer system, calibrated with the mercury column. The first derivative of the left ventricular pressure (dP/dt) was obtained by an active differentiating circuit and calibrated against a triangular wave of known slope. Phasic aortic flow was measured by a Statham Model SP2200 gated sine wave flowmeter.
Data on the tapes were replayed later and digitized at a rate of 200 Hz with a computer system (DEC PDP 11/03 Figure 3 , A and B, displays the end-systolic stress vs log Dm relations for one of the experiments (No. 1), without (A) and with (B) propranolol. F tests"5 indicated that these relationships showed no significant departure from linearity. Extrapolation of these relationships yielded Dom (midwall diameter at zero stress) and hence the associated end-systolic stress-strain relations (figure 3, C).
End-systolic stress-strain relations with and without propranolol are shown in figure 4 for four additional experiments (Nos. 2 to 5) and in figure 5 for two other experiments (Nos. 6 and 7) with or without propranolol. In all cases, the F test demonstrated no significant departure from linearity, thus validating the hypothesis that end-systolic myocardial stiffness (Eav)es is independent of end-systolic stress over wide ranges of stress. A further validation of this hypothesis is presented in table 1, which displays the end-systolic myocardial stiffness vs end-systolic stress relations L(Eav)es 346 cases between (Eav)es and aes* Similar analyses also demonstrated no significant relationship between endsystolic myocardial stiffness (Eav)es and preload (enddiastolic stress).
The effects of heart rate on the end-systolic stressstrain relations for three experiments (Nos. 1, 4, and 5) are displayed in figure 6 . No significant difference between the slopes at heart rates from 120 to 180
beats/min were observed in all three cases.
The end-systolic pressure-volume relation (equation 4), derived analytically from the end-systolic stressstrain relation (equation 3), is displayed for experiments 1 and 2 in figure 7 , together with the ESPVR based on the Suga-Sagawa concept. The experimental values of pressures and volumes shown in figure 7 correspond to the points of maximum ventricular elastance, i.e., max [P/(V -Vop)]. .08
. 16 .24 log (DDmes/Dom) FIGURE 4. End-systolic stress-strain relations with and without propranolol for four animal experiments. Afterload was altered from control (C) with nitroprusside (NP), angiotensin II (AT), IVC occlusion (IVC), and atroprine (ATR) and by each in combination with propranolol (Pr). In all cases, the stress-strain relationships were linear (F tests), thus validating the hypothesis that end-systolic stiffness (max Eav) is independent of end-systolic stress (aes). There was no significant difference in the slopes of these relationships with and without propranolol, although there was a tendency for propranolol to display a slight negative inotropic effect as indicated by the increase in max Eav.
single-beat analysis, respectively. FIGURE 6 . Effects of heart rate on end-systolic stress-strain relations. Afterload was altered from control (C) with nitroprusside (NP), angiotensin II (AT), IVC occlusion (IVC), and atropine (ATR) and by each in combination with propranolol (Pr) at constant heart rates of 120, 140, 160, and 180 beats/min. PE = phenylephrine. In all cases there was no significant difference in the slopes (max Eav) of these relationships at heart rates from 120 to 180 beats/min. which cannot describe completely a phenomenon that should be represented by a more involved relationship.
In this study we sought to address these problems, which are now discussed individually in more detail.
Linearity of the end-systolic pressure-volume and stressstrain relations. The present studies indicate that over heart failure. This observation may indeed be true, since it implies that these ventricles would be operating on the flat portion of the EFes vs max Eav curves (figure 10), hence exhibiting diminished contractile reserve.
An alternative approach to the normalization problem is a modification of that used by Suga et al.," i.e., the development of the normalized chamber stiffness-pressure relationships Ves (dPes/dVes) vs P,, using expression 4. Thus comparison between ventricles can be made at common levels of pressure. In particular, at zero pressure (Pes = 0) the normalized ventricular stiffness VdP/dV is expressed in terms of maximum systolic stiffness (max Eav) by the relation Vom(dPes/dVes)0 = VomEmr, = Km y max Eav/(a + /3 Vom) We thus observe the close relationship between Vom Ema and max Eav. Generally the factor (a + /8 Vom) is close to unity for normal dog hearts, but it may attain higher values in dilated ventricles, in which case max Eav may be more sensitive than VomEmax.
Ejection fraction-afterload relationship as an assessment of the myocardial contractile state. The ejection fractionafterload relationship has been widely used by cardiologists for assessing the myocardial contractile state. However, its use has been limited in the clinical setting for comparison purposes because ejection fraction is preload dependent and single-point measurements obtained from different patients have been used in the development of the relationship.
The present concept of systolic myocardial stiffness not only permits comparisons to be made at common levels of preload and afterload but also enables one to develop the entire ejection fraction-afterload relationship (EFes -O,es). Figure 11 displays these relationships based on both the maximum elastance and maximum stiffness concepts (Appendix 4). Although the morphology of these curves differs at low and high afterload, there is good agreement over the physiologic ranges of ejection fraction and afterload. It is of interest to note that the convex shape of the curve based on the present concept is similar to the pump function curve (mean systolic pressure vs cardiac output) obtained by Elzinga and Westerhof.36 However, further studies are needed to resolve the differences that occur at the high and low afterloads.
Limitations of the analyses. There are several limitations to the present study that must be addressed:
(1) The estimation of V. is very important and will require more detailed study in future investigations, since it plays a major role in the evaluation of EF.
(ejection fraction at zero afterload) and on the question of linearity of the stress-strain relation. However, the present method always yields positive values for V, in contrast to negative values obtained occasionally by linear extrapolation.
(2) The theoretical model described here assumes that stress is a function of strain (volume) alone. Although first-order ("viscous") and second-order ("inertial") effects appear not to influence end-systolic stiffness levels seriously, such effects need to be considered if we wish to evaluate the time course of stiffness more accurately. [37] [38] [39] [40] [41] (3) End-systolic stiffness (max Eav) has been shown to be load independent in the normal conscious dog, but this may not be the case in pathologic states. Thus if the end-systolic stress-strain relation is nonlinear, changes in the inotropic state will need to be examined by comparing stiffnesses at common stress levels. On the other hand, it will still be possible to derive the end-systolic pressure-volume relations, obtain estimates to VO, and also develop the entire ejection fraction-afterload relationships. 
Appendix 1
Development of an expression for average systolic myocardial stiffness (Eav). From elasticity theory, it can be shown6 that an arbitrary state of stress is expressible as the sum of a hydrostatic and a deviatoric stress. As the name implies, the hydrostatic stress is similar to the state of stress in a body submerged in a fluid at rest; that is, stresses are the same on all planes. The deviatoric stress is that portion of the stress that remains after subtracting the hydrostatic stress. Similarly, the state of strain may be decomposed into a hydrostatic (volumetric) strain and a deviatoric strain, the former being a measure of the change in volume per unit volume and the latter a measure of the change in shape.
For an incompressible material such as cardiac muscle, all the strain is deviatoric (since volumes are preserved), thus the deviatoric stress alone is determined by the strain. In particular, in an r, 0, coordinate system, the total stress components 6j may be expressed in terms of the strain components ci as6: where PO is a uniform hydrostatic pressure, E is elastic stiffness, and r, 0, and are, respectively, the radial, circumferential, and meridional coordinates.
From equation 1.1 it is observed that the differences of the stress components are independent of the hydrostatic pressure PO and in particular:
In the present study, we identify the average systolic myocardial stiffness Eav The rationale for the choice of natural strain (log l/lo) in preference to Lagrangian strain (l -l,)/l0 has been discussed previously. Furthermore, it has also been shown6 that as a consequence of incompressibility, the natural strain components satisfy the condition:
(e. + eo + e4)N = 0 ( where Emax is the slope of this linear relationship.
Estimation of zero-stress volume and maximum systolic myocardial stiffness based on a single-beat analysis. An approximate method for estimating VO and max Eav is outlined.
(1) An estimate of V., (zero stress volume based on a single control beat) was obtained by curve-fitting the stress-volume data (a -V) in late systole from peak stress to the first minimum volume point in the form:
where AC, BC, and ac are regression coefficients. This form was chosen because it is observed from earlier analysis that (1) the stress a decreases as the volume decreases and (2) (2) Using analyses similar to those described earlier, we obtain the ESPVR in the form: Pes = (Kc 6/Gc)max Eavclog(V,5/V05) (2.8) where the parameters K,, 6 
Appendix 4
Ejection fraction-afterload relationships at constant preload, based on the maximum elastance and maximum stiff- 
